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ABSTRACT

The current safety basis of the INL Advanced Test Reactor requires that 
irradiation experiments meet minimum safety margins to critical heat flux and 
flow instability during anticipated reactor fault conditions. Compliance to these 
requirements may be demonstrated by calculating safety margins using safety 
factors that account for uncertainties, or using a statistical approach to quantify 
the uncertainty in the safety margins. Safety margins obtained from the first 
approach are conservative since the individual events leading to the cumulative 
safety factor are assumed to occur simultaneously at their maximum uncertainty. 
The statistical approach is less conservative in the case where the uncertainties 
are not too large, and may reduce the conservatism resulting from an 
overabundance of safety factors. This report describes the procedure for safety 
margin evaluation using a statistical approach and identifies the important 
thermal-hydraulic variables to consider in an uncertainty analysis. In particular,
safety margins to critical heat flux and flow instability are evaluated for three 
recent high power fueled experiments (MP-1, FSP-1 and AFIP-6) using RELAP5 
coupled to RAVEN to perform statistical analysis and uncertainty quantification. 
The results demonstrate adequate safety margins to critical heat flux and flow 
instability during an anticipated loss of commercial power to the reactor.
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A Statistical Approach to Safety Margin Evaluation of 
Irradiation Experiments in the ATR

INTRODUCTION

The current safety basis of the INL Advanced Test Reactor requires that irradiation 
experiments meet minimum safety margins to critical heat flux and flow instability during 
anticipated reactor fault conditions. In most cases, compliance to these requirements is 
demonstrated by showing that the safety margins exceed a value of two at the maximum 
experiment heat flux. However, this approach has limited the heat flux attained during irradiation 
of fueled experiments since a minimum safety margin of two may not be met at high heat flux. 
The current safety basis allows the use of statistical analysis of uncertainties to demonstrate 
compliance to minimum safety margins to critical heat flux and flow instability. In particular, 
compliance may be demonstrated by showing that the critical heat flux is three standard 
deviations greater than the mean value of the peak heat flux, and the temperature rise to 
saturation is three standard deviations greater than the mean value of the peak temperature rise 
along the experiment. The statistical criteria are less conservative in the case where the 
uncertainties are not too large. Therefore, using a statistical approach to quantify the uncertainty 
in safety margins rather than using fixed safety factors to account for the maximum uncertainty 
will enable irradiation of fueled experiments at higher heat flux.

The INL has developed software that may be used to evaluate safety margins using statistical 
analysis. This includes RELAP5, a thermal-hydraulic systems analysis software designed to 
simulate accident conditions in nuclear reactors, and RAVEN, a multi-purpose software 
framework for performing statistical analysis and uncertainty quantification. In this report, safety 
margins to critical heat flux and flow instability are evaluated for three recent high power fueled 
experiments (MP-1, FSP-1 and AFIP-6) using RELAP5 coupled to RAVEN. The results 
demonstrate adequate safety margins to critical heat flux and flow instability during an 
anticipated loss of commercial power to the reactor. Moreover, this report describes the 
procedure for performing a statistical approach to safety margin evaluation and identifies the 
important thermal-hydraulic variables to consider in an uncertainty analysis.

METHOD

The safety basis of the INL Advanced Test Reactor requires that, in the event of a loss of 
commercial power resulting in coast-down of the coolant pumps, the safety margins to critical 
heat flux (CHF) and flow instability (FI) be greater than two at the surfaces of an experiment in 
contact with reactor coolant (SAR-153, Section 10.3.5.2.1). These conditions are concisely given 
in terms of the DNB ratio (DNBR) and FI ratio (FIR):

���� =
����

����
≥ 2 (1)

��� =
∆����

∆����
≥ 2 (2)

In equation (1), ���� is the critical heat flux and ���� is the maximum heat flux at surfaces 

contacting primary coolant. In equation (2), ∆���� is the temperature rise to saturation and ∆����
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is the temperature rise of the primary coolant from the inlet to the outlet of the coolant channel. 
The variable ∆���� is given by

∆���� = ���� − ������ (3)

The variable ���� is the primary coolant saturation temperature and ������ is the primary coolant 
temperature at the inlet to the coolant channel.

Equations (1) and (2) specify a minimum safety margin to CHF and FI equal to two. This 
includes safety factors that account for uncertainties in reactor power, experiment heating rate, 
coolant flow through the experiment, convective heat transfer coefficient, and critical heat flux. 
Moreover, the flow coast-down event is usually combined with assumptions that envelope all 
anticipated reactor operating conditions. For example, it is usually assumed that a flow coast-
down event occurs when the reactor lobe power is at its maximum allowable value, the actual 
lobe power exceeds indicated lobe power by the maximum value of the measurement error, 
fissile material loading is at its maximum value, and the shims are at the fully withdrawn 
position leading to a high neutron flux in the reflector. These simultaneous events have a lower 
probability of occurrence and so the resulting safety margins may be more conservative than 
needed to meet ATR safety requirements. This approach to safety analysis may limit the ability 
to irradiate high power fuel experiments in the ATR since the minimum required safety margins 
may not be met at high experiment power.

A statistical approach to safety margin evaluation is allowed by the ATR safety basis. This 
approach is based on an analysis of the uncertainties associated with the calculated values of heat 
flux and coolant temperature rise. In this case, it is assumed that the heat flux and coolant 
temperature rise are random variables having a normal distribution. The critical heat flux must be
at least three standard deviations greater than the expected value of maximum heat flux, and the 
temperature rise to saturation must be at least three standard deviations greater than the expected 
value of the maximum temperature rise of the coolant:

���� + 3�� ≤ ���� (4)

∆���� + 3�∆� ≤ ∆���� (5)

In equations (4) and (5), �� is the standard deviation of the probability distribution of maximum 

heat flux, and �∆� is the standard deviation of the probability distribution of the maximum 
coolant temperature rise. Note that the statistical method requires an uncertainty analysis to 
estimate the standard deviation of the probability distributions. The statistical criteria are less 
conservative in the case where the uncertainties are not too large.

Three ATR irradiation experiments were selected as test cases to evaluate thermal-hydraulic 
safety margins using the statistical method. These include the MP-1 mini-plate experiment 
(ECAR-2975), the FSP-1 full-size-plate experiment (ECAR-2677) and the AFIP-6 full-size-plate 
experiment (ECAR-1641). Each of these experiments are used to test aluminum-clad U-Mo fuel 
plates at high values of fuel plate heat flux. In these cases, the minimum safety margins to DNB 
and FI are sometimes less than the limiting value of two when using safety factors to account for 
uncertainties. Therefore, an uncertainty analysis of thermal-hydraulic safety margins was 
performed to show that the statistical criteria for DNB and FI safety margins are met in the three 
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test cases. Safety margin evaluation using uncertainty analysis reduces the conservatism resulting 
from an overabundance of safety factors. This will expand the safe operating envelope of ATR 
experiments and allow testing of high heat flux fuel plates.

The uncertainty analysis of safety margins was performed using RAVEN coupled with RELAP5. 
RELAP5 is a thermal-hydraulic systems analysis software that is designed to simulate accident 
conditions in nuclear reactors. RAVEN is a multi-purpose software framework for performing 
statistical analysis and uncertainty quantification. RAVEN contains application programming 
interfaces to interact with complex system analysis software such as RELAP5. The response of 
the RELAP5 output space is explored by perturbing the RELAP5 input space using various 
probability distributions and sampling methods defined in RAVEN. 

RELAP5 was used to simulate a loss of commercial power resulting in coast-down of the coolant 
pumps. In this event, the reactor scrams at low vessel inlet pressure at approximately one second 
after the loss of power. Coolant flow and pressure decrease during the transient, while reactor 
power increases prior to scram due to coast-down of the loop pumps and voiding of the loops. 
The flow coast-down transient is analyzed to determine the time at which the safety margins are 
a minimum. In the three test cases, minimum safety margins occur at the instant of scram when 
reactor power is 123% of its initial value, coolant flow is 77% of its initial value, inlet coolant 
pressure is 85% of its initial value, and coolant pressure drop is 59% of its initial value (see 
ECAR-3078).

All variables used to calculate safety margins to DNB and FI are obtained from the RELAP5 
analysis. The safety margins are defined in equations (1) and (2) given above. The critical heat 
flux (CHF) is obtained from the 2006 CHF lookup table developed by Groeneveld et al. (2007):

���� = ����_��� �
� ��

�
�

�.��

�
�

� (6)

In equation (6), ����_��� is the critical heat flux that is obtained from the lookup table using 

linear interpolation, � is the hydraulic diameter and � is the heated length of the channel. The 
table value depends on the coolant mass flux, pressure and thermodynamic quality. The second 
and third terms are adjustment factors that account for the diameter and heated length effects.

The parameters in the RELAP5 input space include the power factor, inlet coolant pressure 
during the transient, hydraulic diameter and flow area of each channel. The power factor 
accounts for numerous variables that effect the power in the fuel plates. Fixed power factors 
include the maximum reactor over-power, shims fully withdrawn, and a hot channel factor 
representing the ratio of the maximum fuel plate heat flux to the average fuel plate heat flux. 
Variable power factors include power measurement uncertainty and fuel loading variability. 
Parameters in the RELAP5 output space that are used in the calculation of DNBR include mass 
flux, pressure, quality, heat flux and critical heat flux. Parameters in the RELAP5 output space 
that are used in the calculation of FIR include coolant temperature and saturation temperature. 
The cladding temperature is also included in the RELAP5 output space.

Each irradiation experiment is unique from the standpoint of uncertainty quantification. In this 
study, a normal distribution of the input parameters is assumed which is defined by the mean (�)
and standard deviation (�) of the distribution. The values of the ratio � �� used in this study are 
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similar to those used in the safety analysis of ATR driver fuel (TRA-ATR-840): � �� = 0.0425

for reactor power measurement, �
�� = 0.075 for fuel loading, � �� = 0.025 for inlet pressure, 

�
�� = 0.048 for hydraulic diameter, and � �� = 0.025 for flow area. The fixed over-power 

factor is experiment-specific and must accommodate the maximum allowable variation in reactor 
power. The fixed shim factor is position-dependent and is largest for positions adjacent to the 
outer shim control cylinders. The fixed hot channel factor is also experiment-specific and 
depends on the geometry of the fuel plate.

In the RAVEN analysis, the input parameters are sampled using either the Monte Carlo method 
or the Latin Hypercube method. The latter method has the advantage of requiring less samples to 
converge. In the case of the Latin Hypercube method, 500 samples are generated according to 
the assumed probability distribution. The response of the output parameters is determined by 
calculating the mean and standard deviation of each parameter.

RESULTS

Selected results from the MP-1 experiment are shown in Figures 1 through 4. These include the 
time histories and histograms of DNBR and FIR during a flow coast-down event. Note that the 
minimum values of DNBR and FIR occur at approximately one second after the start of the flow 
coast-down transient which coincides with the reactor scram. A summary of the statistical 
analysis of the output parameters from the MP-1 experiment is shown in Table 1. Similar results 
from the FSP-1 and AFIP-6 experiments are shown in Figures 5 through 12 and Tables 2 and 3.

In each case, the statistical criteria for DNBR and FIR given by equations (4) and (5) are met.
The results are shown below, assuming ������ = 325�.

For MP-1,

���� + 3�� = 13.9
��

�� ���� = 24.8
��

��

���� ����

����
= 0.56 < 1.0

∆���� + 3�∆� = 45℃ ∆���� = 161℃
∆���� ���∆�

∆����
= 0.28 < 1.0

For FSP-1,

���� + 3�� = 9.0
��

�� ���� = 20.2
��

��

���� ����

����
= 0.45 < 1.0

∆���� + 3�∆� = 64℃ ∆���� = 158℃
∆���� ���∆�

∆����
= 0.41 < 1.0

For AFIP-6,

���� + 3�� = 13.2
��

�� ���� = 37.1
��

��

���� ����

����
= 0.36 < 1.0

∆���� + 3�∆� = 19℃ ∆���� = 157℃
∆���� ���∆�

∆����
= 0.12 < 1.0
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Figure 1. Time History of the Mean Value of DNBR in the MP-1 experiment.
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Figure 2. Histogram of DNBR at the Time of Minimum DNBR in the MP-1 experiment.
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Figure 3. Time History of the Mean Value of FIR in the MP-1 experiment.
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Figure 4. Histogram of FIR at the Time of Minimum FIR in the MP-1 experiment
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Table 1. Statistical Analysis of the Output Parameters in the MP-1 experiment.

Parameter Mean Standard 
Deviation

mass flux (kg/s) 0.680 0.0362

pressure (MPa) 2.02 0.0135

quality -0.268 0.0107

heat flux (MW/m
2
) 11.0 0.962

cladding temperature (°K) 512 8.96

CHF (MW/m
2
) 24.8 0.866

DNBR 2.29 0.273

coolant temperature (°K) 370 4.59

saturation temperature (°K) 486 0.334

FIR 3.60 0.377
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Figure 5. Time History of the Mean Value of DNBR in the FSP-1 experiment.
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Figure 6. Histogram of DNBR at the Time of Minimum DNBR in the FSP-1 experiment.
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Figure 7. Time History of the Mean Value of FIR in the FSP-1 experiment.
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Figure 8. Histogram of FIR at the Time of Minimum FIR in the FSP-1 experiment.
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Table 2. Statistical Analysis of the Output Parameters in the FSP-1 experiment.

Parameter Mean Standard 
Deviation

mass flux (kg/s) 19.57 1.18

pressure (MPa) 2.04 0.0178

quality -0.275 0.0104

heat flux (MW/m
2
) 7.21 0.596

cladding temperature (°K) 489 12.3

CHF (MW/m
2
) 20.19 0.637

DNBR 2.82 0.307

coolant temperature (°K) 389 6.18

saturation temperature (°K) 483 0.034

FIR 2.47 0.238
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Figure 9. Time History of the Mean Value of DNBR in the AFIP-6 experiment.
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Figure 10. Histogram of DNBR at the Time of Minimum DNBR in the AFIP-6 experiment.
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Figure 11. Time History of the Mean Value of FIR in the AFIP-6 experiment.
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Figure 12. Histogram of FIR at the Time of Minimum FIR in the AFIP-6 experiment.
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Table 3. Statistical Analysis of the Output Parameters in the AFIP-6 experiment.

Parameter Mean Standard 
Deviation

mass flux (kg/s) 3.42 0.196

pressure (MPa) 1.95 0.00707

quality -0.334 0.00286

heat flux (MW/m
2
) 10.6 0.878

cladding temperature (°K) 494 11.9

CHF (MW/m
2
) 37.1 1.57

DNBR 3.53 0.356

coolant temperature (°K) 344 1.87

saturation temperature (°K) 482 0.141

FIR 8.19 0.790
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SUMMARY

In summary, the resulting safety margins given by equations (1) and (2) are conservative since
the individual events leading to the cumulative safety factor are assumed to occur simultaneously 
at their maximum uncertainty. Therefore, an uncertainty analysis was performed to reduce the 
conservatism resulting from an overabundance of safety factors. The uncertainty analysis was
performed using RAVEN and RELAP5 to determine the mean and standard deviation of the 
calculated safety margins. Rather than requiring that DNBR > 2 and FIR > 2, an uncertainty 
analysis was used to show that the statistical criteria for DNB and FI safety margins given by 
equations (4) and (5) are met. The statistical criteria are less conservative in the case where the 
uncertainties are not too large, and may expand the operating envelope of ATR experiments by 
enabling irradiation of fueled experiments at higher heat flux.
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